The suspension polymerization of styrene un<ler ultrasonic irradiation was carried out in batch and continuous stirred tank reactors. In both reactors, it was confirmed that ultrasonic irradiation was an effective method to prevent the agglomeration between droplets and sticking of droplets to the reactor wall. In the batch reactor, the effects of ultrasonic irradiation on the conversion of monomerand the average molecular weight of polymer were negligibly small. In the continuous reactor, the experimental results of the conversion and the average molecular weight showed that the interaction between droplets in the reactor was not small. The calculated results in the two extreme cases of complete micro-mixing and complete segregation showedthat the conversion and the average molecular weight were noticeably affected by the interaction between droplets in the region, where the gel effect became remarkable.
Introduction
In suspension polymerization, the agglomeration between droplets and sticking of droplets to the reactor wall lead to serious troubles from heat build-up and the formation of large masses6}, making it difficult to carry out prolonged batch operation or continuous operation. Ultrasonic irradiation is considered to be an effective method to prevent agglomeration and sticking during suspension polymerization. However, it is known that in bulk polymerization the rate of reaction is affected by ultrasonic irradiation11>12), and that the polymer is broken down by irradiation1jl4).
In the present work, the suspension polymerization of styrene under ultrasonic irradiation was carried out in a batch and a continuous stirred tank reactor.
In both reactors, it was confirmed that ultrasonic irradiation was an effective method to prevent the agglomeration and sticking of droplets. In the batch operation, the effect of irradiation on the kinetics of suspension polymerization was examined. In the continuous operation, the effects of the interaction between droplets (coalescence and redispersion) on the conversion of monomerand the average molecular weight of polymer were examined. micropumpwith constant feed rate. Ultrasonic irradiation and agitation were started just before the reactor was filled with the feed solution. At the same time, the reactor was warmed up by feeding hot water into the reactor jacket.
After the reaction temperature became constant (70°C) under constant stirring speed and ultrasonic irradiation, samples were taken periodically from the outlet stream. Feed of four or five times reactor volume was passed through the reactor to reach steady state. The concentration of monomer in the samples was determined by the same method as in the batch operation and by gas chromatography.
Experimental Results and Discussion 1 Measurement of ultrasonic energy
The measurementof net ultrasonic energy supplied to the reactor was carried out by the calorimetric method described in the previous paper11}.
Although the reactor used was about twice as large as the previous reactor and contained the dispersed phase, the experimental results were similar to the previous results. That is, the net ultrasonic energy supplied to the reactor was maximum at 400kHz, where the power output of the ultrasonic generator was 500 watts and the volume ratio of the dispersed phase (toluene was used in place of St) and the continuous phase (water) was 1: 6. The effect of the volume ratio of two phases on the net ultrasonic energy was very small, as shown in Fig.2 .
In batch and continuous operations, the condition of ultrasonic irradiation was kept constant at 500 watts and 400kHz.
2 Effect of ultrasonic irradiation on kinetics of suspension polymerization
It is well known that the kinetics of suspension polymerization is identical to that of bulk polymer-ization6'^.
In bulk polymerization under ultrasonic irradiation, the relation between monomerconcentration and time is expressed by the following equa-
where CAis the monomerconcentration and CK0 is the initial concentration of AIBN. The experimental result, shown in Fig. 3 , suggests that Eq. (1) is applicable to suspension polymerization under ultrasonic irradiation.
The initial rate of polymerization, Rp0, was proportional to VCK0 in bulk polymerization, regardless of ultrasonic irradiation, although RpQunder irradiation was smaller than Rp0under no irradiation11\ as shown by the dotted and solid lines in Fig. 4 , respectively. The experimental results of Rp0 in suspension polymerization under irradiation were plotted against CK09 as shown in Fig. 4 . These results did not agree with the result of bulk polymerization under irradiation, but did agree with the result under no irradiation.
Since the rate constant of ATBNdecomposition, kd, was not affected by irradiation11\ the reciprocal of obtained from the slope of the straight line shown in Fig.3 . The values of d'A obtained are shown in Table1. These results showed that the effect oi ultrasonic irradiation on the rate constant was very small in suspension polymerization. Furthermore, the effect of the volume ratio of both phases on dA was examined under irradiation to confirm the above result. In the experimental runs of Ksi/FH2O^4; water phase was the continuous phase. As shown in Fig. 5 , the results showed that the rate constant of suspension polymerization under irradiation was the same value of bulk polymerization as under no irradiation, except for the case of Vst/VH:2O=4. It was suggested that ultrasonic energy supplied to the monomer 
3 Continuous operation of suspension polymerization under ultrasonic irradiation
It is well known that in the continuous operation of * In the case of Fst/KH2o=4, the styrene droplets are considered to be in close-packed structure, that is, the water phase (continuous phase) around the styrene droplets becomes a thin layer, so that enough ultrasonic energy to affect the rate constant could be supplied to the styrene droplets. suspension polymerization the conversion of monomer and the average molecular weight of polymer are affected by the coalescence frequency of droplets in a stirred tank reactor7}. If ultrasonic irradiation has an effect on the coalescence and redispersion of droplets, the conversion and the average molecular weight under irradiation must be different from the results under no irradiation. However, it was very difficult under no irradiation to realize experimentally the stable steady state in the range of St conversion over 30% under the above experimental condition, because of the agglomeration and sticking of droplets. Therefore, it was impossible to show experimentally the effect of irradiation on the coalescence and redispersion of Rp= (tIS'a)caVck y (or v) and e, which are the correction factors of rate constant and initiator efficiency for gel effect, respectively, were correlated by polymer weight fraction in the styrene phase5'9'10), that is, y and a were calculated from conversion of monomer, y]A, by using the correlation curves. Density of polymer solution, p, was also correlated by conversion of monomer3}. Numberaverage degree ofpolymerization, DPN, and weight average degree of polymerization, DPW,were calculated by the following equations : The calculated results of tja, DPn and DPWfor both cases are shownas a function of meanresidence time, #, by the solid curves in Figs. 8, 9 and 10, respectively. It was found that two curves for two extreme conditions have a point of intersection in the region where gel effect becomes remarkable, and that coalescence frequency has a great influence on the conversion and DPNin the region where 6 is larger than the intersection. On the otherhand, in a regionwhere 6 is smaller than the intersection, three steady states exist in the case of complete micro-mixing, that is, there are two stable and an unstable steady states, as shown in solution polymerization ofSt2). In other words, the above results suggest that in the region where gel effect becomes remarkable, the conversion and the average molecular weight are noticeably influenced by the operating conditions, which affect coalescence frequency, for example, the stirring speed8>13), the type of agitator and the conditions of ultrasonic irradiation, etc.
The experimental results of rjA, DPNand DPWunder irradiation are shown in Figs. 8, 9 and 10, respectively. In all experimental runs, the agglomeration and sticking of droplets were prevented by irradiation, but in the experimental run where 6 is larger than 240 min it was very hard to realize the stable steady state. That is, the volume ratio of the dispersed phase to the water phase in the reactor started changing after feed of about twice the reactor volume was passed through the reactor, because in the reactor used the velocity of outflow was too low to wash away the polymer particles in the outlet pipe.
The experimental results under the stable steady state (#<240 min) existed in the region between two curves for two extreme conditions, and suggest that coalescence frequency is not small, as shown in Figs. 8 and 10. However, it was very difficult to determine the values of that frequency from these experimental results.
It was reasonable to assume that the experimental results obtained under the stable steady state corresponded to the lower conversion steady state, because the reactor was warmedup after the reactor was filled up, as mentioned in 2) of 1.2. On the other hand, the experimental results of DPWfor #>240 min became larger than the calculated values for I=00, although the experimental results of DPN existed in the region between two curves for two extreme conditions. This result suggested that the values of Q{=MwjMN) of the polymer became very large (about 5), that is, the polymer had a wide distribution of molecular weight, which was not estimated by the calculation at steady state. It is very hard as things stand to estimate the molecular weight distribution of polymer at transient state, taking account of coalescence frequency and the change of the volume ratio of the dispersed phase to the water phase in the reactor.
Conclusion
The suspension polymerization of styrene under ultrasonic irradiation was carried out in batch and in continuous stirred tank reactors. 1) It was found that ultrasonic irradiation was an effective methodto prevent the agglomeration between droplets and sticking of droplets to the reactor wall in both batch and continuous reactors during suspension polymerization.
2) In batch operation, it was confirmed that the effect of the irradiation on the kinetics of suspension polymerization was negligibly small under the irradiation condition of 500watts at 400 kHz, and that the conversion of monomer and the average molecular weight of polymer were represented by the rate equation of bulk polymerization under no irradiation.
3) In continuous operation, the effects of the interaction between droplets in the reactor on the conversion and the average molecular weight were investigated by calculation for the two extreme conditions, that is, complete micro-mixing and complete segregation. The calculated results suggested that in the case of micro-mixing two stable steady states existed in a range of 6, and that in the region where gel effect became remarkable, the conversion and the average molecular weight were noticeably influenced by the interaction between droplets in the reactor. 4) The experimental results in the continuous operation existed in the region betweentwo extreme conditions and showed that the interaction between droplets was not small. 
